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Confinement effect in PC/MXD6 multilayer films: Impact of the microlayered structure on water and gas barrier properties Polymer films find many applications in several fields such as packaging, medicine, cosmetic, coating, aeronautic or transport. Some key property requirements in these fields are good transparency, toughness, mechanical, thermal properties as well as barrier properties. To obtain such properties, blending or combining two (or more) polymers has been a classical top down approach, over many decades, to achieve polymer structures with properties larger than those of the individual components. Coextrusion process remains one of the most common industrial technique for elaborating polymer films consisting in a few (typically < 10) stacked layers of different polymers with usually opposite technical characteristics (protective coating, filmforming properties, barrier properties, food contact, etc.), possibly combined with a tie layer or a compatibilizer [1, 2] .
Recently, it has been reported that an innovative technique of film processing, namely multilayer coextrusion, could be used to obtain materials with enhanced macroscopic properties [3] . Multilayer coextrusion is derived from classical coextrusion and its industrial potential has already been demonstrated by Dow which patented it close to 40 years ago [4, 5] . With this process, starting from two (AB) or 3 layers (ABA) of polymers A and B, and by forcing the polymer flows through a series of Layer Multiplying Elements (LME), one can achieve films made of thousands of alternating A and B layers, in which all the layers have nanometric thicknesses (see Fig. 1 ) while the total thickness of the material remains those of a typical polymer film (0.1-1 mm). Baer's group in Case Western Reserve University widely used and developed this tool over the last 20 years and was able to produce materials with enhanced properties, in particular optical properties [6] , mechanical properties [7, 8] , gas barrier properties [9] [10] [11] . Those improvements were shown to arise from the multiplication of the interfaces and/or the confinement, induced by the process (named 'forced-assembly').
In particular, for semi-crystalline polymers, this innovative technique has been recognized as an effective way to induce one-dimensional confined crystallization of polymers [12] : when the polymer layer thickness decreases, the crystalline morphology is gradually altered from a three-dimensional spherulitic morphology into one-dimensional crystalline lamellae. For example, in the case of poly(ethylene oxide) ⁎ Corresponding author.
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(PEO) [13] or poly(ε-caprolactone) (PCL) [14] , confined with an amorphous polymer (typically PS), an in-plane orientation of crystalline lamellae of PEO or PCL have been obtained. In those cases, a significant reduce of gas permeability has been measured (more than two orders of magnitude reduction). For other polymers, it happens that confinement can favor other crystal morphologies or orientation [12, 15] . In such cases, permeability is not improved (or even may be worsened) but post-processing procedures, thermal annealing possibly combined with (biaxial) stretching, may allow to provide the desired crystal morphologies.
Geometric confinement may also have an effect on the amorphous phase, inducing chain orientation or modifying the amorphous phase dynamics. For example, molecular mobility changes have been observed in PC/PMMA multilayered films [16] , as the thickness of each component became thinner than 125 nm: PC exhibited a drastic decrease in cooperativity volume (measured with TM-DSC) whereas slight modifications were observed for PMMA.
Poly(m-xylene adipamide) (MXD6) is an aromatic polyamide with excellent barrier properties due to its benzene ring. It was first synthesized in the 50's, then produced industrially in the 80's by Mitsubishi using direct polycondensation [17] , and is classically blended with PET for food packaging applications [18, 19] . MXD6, that crystallizes slowly [20] , is usually amorphous when extruded and needs post-processing treatment, such as thermal annealing or hot drawing, to induce crystallization and thus improve its gas transport properties. MXD6 also has ability to crystallize in contact with water, which will impact its barrier properties over time and/or exposure with water [21] [22] [23] . To date no attempt of using multilayer coextrusion to achieve thin layers of MXD6 and study the impact of this confinement on the barrier properties has been published in the literature. As it was exposed before, geometric confinement may have effect on the crystalline phase as well as on the amorphous one, and thus impact barrier properties.
In some cases it has been observed that this process is subject to instabilities which give rises to rupture of the layers [24, 25] , especially with complex polymers like MXD6. However, if the structures created are still under the form of elongated lamellas, they may still be of interest for gas barrier applications [26] .
In this context, we prepared in this study films with alternating polycarbonate (PC) and MXD6 layers, composed of numerous thin layers of MXD6. PC was chosen since it is amorphous and has a high glass transition temperature which should favor the confinement of the MXD6 and the understanding of the resulting phenomena. Quasicontinuous layers as well as elongated lamellae were obtained, depending on the number of LME used. A structural characterization was conducted on the different films to evaluate the influence of the resulting multilayer structure on crystallinity, crystal orientation and lamella size. A comparison was done with films obtained by the classical blending of the two polymers. Again, for the sake of comparison, monolayer films of MXD6 and of PC were also extruded to be used as references in order to highlight the properties of the multilayered structures and the corresponding changes. Moreover, for a better insight of the confinement effect induced by amorphous polymer layers, multilayer films containing only the amorphous polymer, noted PC/PC multilayer film, and only the semi-crystalline polymer, noted MXD6/MXD6 multilayer film, were prepared. Transport properties of gases and water were analyzed and compared to the PC monolayer and MXD6 monolayer films. The structuremorphology-property relationships will be discussed in the present study. In particular, a deep analysis of the transport properties, on the basis of thermodynamic and kinetic aspects, has been performed by testing four molecular probes (N 2 , O 2 , CO 2 , H 2 O), differing in size and interaction capacity. From permeation kinetics and the resulting permeation parameters, the structural effects within the multilayer films were clearly correlated to barrier properties.
Experimental

Materials
Amorphous polycarbonate, referenced as LEXAN 121R (Tg=145°C) was supplied by SABIC (Saudi Arabia). Semi-crystalline aromatic poly(m-xylene adipamide), MXD6 grade 6007 (Tg=85°C) was obtained from Mitsubishi Gas Chemical. They were chosen to have viscosity ratio as close as possible to 1. At a processing temperature of 260°C and at shear rates equivalent of those imposed in the extruders (1-100 s
), the viscosities of PC and of MXD6 polymers were measured equal to 822 and 1690 Pa s, respectively, which induces a viscosity ratio of 2. The PC and MXD6 pellets were dried at 120°C overnight before processing. The residual moisture content was measured and found to be less than 0.02% for PC and 0.1% for MXD6.
Films preparation
The layer-multiplying coextrusion process consists of two singlescrew Scamex extruders (France) combined in a classical A/B/A coextrusion feed block, to obtain a 3-layers polymer flow, and equipped with a layer-multiplying elements-device placed at the end of the feed block (Fig. 1) . The device aims to cut vertically the 3-layers flow into two parts, which are thereafter superposed and compressed in order to obtain a 5-layers flow. The number of layers was evenly calculated with the following Eq. (1) [27] :
With n is the number of multiplying elements. Multilayer films at a 75/25 weight ratio were coextruded by using a series of 10 multiplying elements, to theoretically obtain 2049 layersfilm, with a total polymer flow fixed at 1200g/h to prevent thermal polymer degradation by adjusting the residence time. The PC/PC film was prepared from two single-screw extruders (extruder 1: Scamex, 20 mm diameter, 25 rpm with a temperature profile of 330/300/260/ 260°C; extruder 2: Scamex, speed at 22 rpm with a temperature profile of 330/300°C), with the multiplying elements-device at 270°C. The films were then spread through a flat die (width of 100 mm and thickness of 1 mm) at 260°C and onto the chill roll at 130°C. The final thickness was 200 µm. For the MXD6/MXD6 film, the films were coextruded (extruder 1:19 rpm with a temperature profile of 310/280/ 260/260°C; extruder 2: speed at 31 rpm with a temperature profile of 310/270°C), and were then spread through the flat die (width of 100 mm and thickness of 1 mm) at 260°C and onto the chill roll at 90°C to allow relaxation of MXD6. The final thickness was measured equal to 200 µm.
Elaboration of multilayer films made of the two polymers: PC/ MXD6 multilayer film
Two series of PC/MXD6 films were prepared with two specific processing conditions with the aim of adjusting the composition ratio and the number of layers within the films.
For the first series at a 75/25 ratio, noted PC/MXD6-1 film, the multilayer film was coextruded (extruder 1: Scamex, 20 mm diameter, speed at 48 rpm with a temperature profile of 310/280/260/260°C; extruder 2: Scamex, 20 mm diameter, speed at 60 rpm with a temperature profile of 310/270°C) with a total polymer flow fixed at 2400g/h, to prevent PC bubbles initiated by atmosphere humidity, by using a 10 multiplying elements-device (to form theoretically 2049 layers within the film) at 265°C. The melt flow was spread through the flat die at 260°C and then onto the chill roll at 130°C.
For the second series at a 80/20 ratio, noted PC/MXD6-2 film, the coextrusion process (extruder 1: Scamex, speed at 26 rpm with a 310/ 280/260/260°C profile; extruder 2: speed at 31 rpm with a 310/ 260°C profile) was performed using a 9 multiplying elements-device (giving film with 1025 layers) at 245°C. Indeed, the decision to reduce the number of mixing elements was taken since layer break-up was observed when using 10 multiplying elements. The melt flow was spread through the flat die at 240°C and then onto the chill roll at 130°C.
The multilayer films with an average thickness of 200 µm were selected and were stored at room temperature in desiccators (under vacuum with P 2 O 5 ) for further characterizations.
Morphological characterization
Films were observed with an optical transmission microscope (Axio Imager.a2m, Zeiss) under polarized light to differentiate the two phases. The grey phase corresponds to PC polymer and the dark phase to MXD6 polymer. Samples were prepared by using a microtome (Leica RM2255 microtome) to obtain a 10-20 µm thickness sample for observation.
Wide Angle X-ray Scattering (WAXS) experiments were performed using a Genix microsource X-ray generator operated at 50 kV and 1 mA. The Cu-Kα radiation (λ=1.54 Å) was collimated with a FOX2D mirror and two pairs of Scatterless slits from Xenocs. The 2D-patterns were recorded on a CCD camera from Photonic Science. All the X-ray patterns were corrected from background scattering and normalized using the transmission factor, defined as the ratio between the transmitted and the incident intensities measured with WAXS data acquisition. Radial intensity profiles I(2θ) are obtained by azimuthal integration of the 2D-patterns using FIT2D software.
Thermal properties (TGA, DSC)
Thermal properties of the neat films and the multilayer films were analyzed by thermogravimetric analyses (TGA), by classical differential scanning calorimetry (DSC) and by modulated-temperature DSC (MT-DSC).
TGA analyses were performed with a Q500 TGA from TA Instrument, with a heating rate of 10°C/min from 30 to 600°C under nitrogen. The degradation temperature (T deg ) was determined for a loss of 5% by mass of the sample.
DSC experiments were performed on around 6-7 mg of sample with a Discovery series Differential Scanning Calorimeter from TA Instruments at a heating/cooling rate of 10°C/min from −10 to 300°C in aluminum pan, after temperature calibration using indium standard. The degree of crystallinity was calculated by:
Where Hm ∆ is the enthalpy of melting, Hc ∆ is the enthalpy of crystallization and H ∆ m 0 is the theoretical enthalpy of melting of the 100% crystalline polymer. For the MXD6, H ∆ m 0 is equal to 175 J/g [21] .
The degree of crystallinity was determined from the first heating step because the value is supposed to be the crystallinity of the films when analyzing by permeation measurements. MT-DSC experiments were performed with a DSC Q2000 from TA Instruments, in "Heat-Only" mode, from 0 to 270°C ( ± 0.318°C for the oscillation amplitude, 60 s for the oscillation period and 2°C min −1 as heating rate).
Mechanical properties
Uniaxial tensile tests were performed at room temperature on an Instron 5543 traction machine with a 500 N sensor. The samples were dumbbell-shaped with dimensions of 30 in length×4 mm in width under 0.20 mm of thickness. A crosshead speed was fixed at 5 mm/min in order to compare with values of MXD6 film already published in a separate paper [28] . The stress-strain curves were plotted and the tensile modulus, also noted Young's modulus was deduced from the low strain region. At least ten specimens per film were tested and the mean values were reported for ultimate mechanical properties, i.e. nominal elongation and nominal strength.
2.6. Transport properties 2.6.1. Gas permeation Gas permeation measurements were performed at 25°C with a labbuilt apparatus [29] . The film was placed in the permeation cell composed of the upstream and the downstream parts, in which vacuum was applied for 15 h. Then, the upstream part compartment was fed with gas (N 2 , O 2 , or CO 2 at a pressure of 4 bars), while a pressure sensor monitored the increasing of pressure in the downstream part. This barometric method called "time-lag" method gives access to permeability coefficient P,
, by measuring the quantity of diffusing molecules which passed through the film as a function of time, according to:
With Jst is the stationary flux, L is the film's thickness and p ∆ is the difference of pressure between the upstream and the downstream parts of the permeation cell.
The stationary flux Jst is calculated from the slop α of the kinetic curve at long time:
With V is the volume of the downstream compartment, R is the ideal gas constant, A is the surface of film exposed to gas and T is the experimental temperature.
For the sake of comparison, a predicted permeability coefficient was calculated from two different approaches. One on the basis of the Maxwell model [30] [31] [32] taking into account a two-phase mixtures with one continuous phase (PC) and a disperse phase (MXD6) as follows:
where P Film is the permeability coefficient of the film of two phase mixture, PPC is the permeability of the continuous phase (PC), φ MXD6 is the volume fraction of the dispersed phase (MXD6) and λ is the relative permeability of the dispersed phase into the continuous phase
And the other one, corresponding to the ideal case where the two phase mixture is composed of infinite lamellae and that can be defined as a multilayer structure for which each layer is a lamella, the wellknown series model [11, [33] [34] [35] can be considered as follows:
With φi is the volume fraction and Pi is the permeability coefficient, the index i corresponds to polymers, PC and MXD6.
Water permeation
Water permeation measurements were performed at 25°C with a lab-made apparatus composed of a permeation cell in which the film separates the upside from the downside compartments. The two parts of the permeation cell were swept with dry nitrogen until a low constant dew point (≈−70°C), monitored by a chilled mirror hygrometer (Elcowa®, France, General Eastern Instruments), is reached. Then, the upstream compartment was filled with liquid water (milli Q) and the downstream compartment was continuously swept by a nitrogen flux. The permeation flux of water passing through the film was measured by following the variation of the dew-point temperature as a function of time. At the stationary state, the permeation flux Jst is directly proportional to the permeability coefficient P (expressed in Barrer) according to:
With Jst is the stationary flux and a ∆ is the difference of water activity between the upstream and the downstream compartments of the permeation cell ( a ∆ =1 in our case).
Results and discussion
It is generally accepted that permeation properties of polymer membranes are directly dependent on the structure of the polymer assembly resulting from the processing used and also on the ability of polymer chains to crystallize into semi-crystalline phase and/or to be oriented. Recently, Wang et al. [10] have discovered a new crystalline morphology, resulting from constrained two-dimensional polymer crystallization and induced by forced assembly of a specific coextrusion process, which presents outstanding gas permeation properties superior, than those expected from the bulk polymers, due to the specific lamellar crystal orientation within the layered film. In the present work, it was really interesting to see how the confinement of MXD6 intended within the PC/MXD6 films could change the structure of the film and the resulting transport properties. Therefore, to evidence the properties of the confined MXD6 layers within the PC/MXD6 films, DSC and permeation measurements were performed on the PC monolayer and MXD6 monolayer films, also called the neat films, to serve as reference and likewise on PC/PC and MXD6/MXD6 multilayer films to evaluate the level of improvement in barrier properties.
Structure and morphology
The Polarized Optical microscopy (POM) observations were carried out to show the existence of a continuous alternating layer structure within the multilayered films and to highlight eventually a difference of crystallinity of the layers with the film thickness by means of polarized light. For the MXD6/MXD6 film, no apparent layered structure was observed in the cross-section. However, even if the structure of this film seems homogeneous in the entire thickness, it is possible that the confined layers of MXD6 (at least 1000 MXD6 confined layers with 10 multiplying elements) in such multilayer MXD6 structure, can lead to changes in permeation properties, compared to the neat MXD6 film. Concerning the PC/PC multilayer film, it was not possible to clearly observe the multilayer structure, because of its amorphous state. However, at a macroscopic scale, this multilayer film seems to be homogeneous.
From the POM image shown in Fig. 2 , the PC/MXD6-1 film can be considered as a membrane made of a polymer blend with more or less stretched nodules of MXD6.
For the PC/MXD6-2 film, the layer continuity is evidenced in the middle of the film (except for the film edges). In addition, the layers seem to be thin but with some irregularities, in particular in thickness. The measured layer thickness of the film imaged varies from about 0.5-5 µm for MXD6 (in black) and PC (in grey) layers, respectively, while it was expected for theoretical thicknesses equal to 0.08 µm and 0.32 µm respectively for MXD6 and PC. It is interesting to see that the quality of the structure of the PC/MXD6 multilayer film is strongly dependent on the process conditions which are slightly changed. With a 9 multiplying elements-device, a continuous layer structure is obtained, while with the use of a 10 multiplying elements-device the layers are disrupted.
Wide Angle X-ray Scattering (WAXS) measurements were performed to detect changes in the crystalline structure of the different multilayer films, compared with monolayer films. Concerning the PC monolayer and PC/PC multilayer films, from the WAXS diffractograms ( Fig. 3) and also as expected, an amorphous halo was observed, reflecting an amorphous structure. The same observation was made for the MXD6 in monolayer and multilayer forms due to a very low crystallinity rate. Indeed, it is worth noting that the limit of detection being around 5% to detect a crystalline structure from XRD data; it seems appropriate that no crystalline structure is observed. Concerning the two PC/MXD6 multilayers films, an amorphous halo was also obtained, similar to those observed for the neat monolayer films, meaning that no change in the MXD6 crystalline structure was generated by the use of the layer-multiplying coextrusion process, certainly due to the very low crystallinity rate of MXD6.
Thermal and mechanical properties
DSC measurements were performed to analyze the thermal behavior of the neat and the multilayer films and also to determine the degree of crystallinity. The DSC curves from the first heat are plotted in Fig. 4 and the characteristic temperatures (glass transition temperature Tg, melting temperature Tm, crystallization temperatures Tc) are gathered in Table 1 . The first heat was considered because it is related to the thermal and structure properties of the material in the same state its barrier properties are characterized. It can be mentioned that the glass transition temperature of PC being relatively close to the cold crystallization temperature of MXD6 (110-130°C), MT-DSC experiments were used to separate the two corresponding phenomena occurring in the PC/MXD6 multilayer films. Evenly, tensile tests were performed and characteristic parameters were obtained from the stress-strain curves.
It is worth noting that the thermal and mechanical behaviors (Table 1) of the PC monolayer film are consistent with the literature [36] [37] [38] . In addition, the behavior of the PC/PC multilayer film is quite similar to the behavior of the PC monolayer film, except for the degradation temperature, which is found lower. This result could be due to the preparation process, which can slightly reduce the average chain length, as generally observed when using conventional processing technique [39] . Besides, the similar thermal and mechanical values between the PC/PC films and the PC film suggest that the PC amorphous polymer chains were not constrained, indicating the absence of confinement effect of the PC layers within the obtained multilayer structure.
Then the evaluation of the confinement of MXD6 in the multilayer structure was performed from the MXD6 monolayer film and the MXD6/MXD6 multilayer film. The thermal and mechanical characteristics of the MXD6 monolayer film are in good agreement with those reported in the literature [18, 19, 28] , except for the glass transition temperature for which we found two glass transition temperatures, the first one at around 50°C and a second one, located more classically at 85°C. This unexpected low glass transition temperature was probably due to the extrusion processing conditions and certainly to the presence of the residual water within MXD6 pellets and that leads to the plasticization phenomenon. In fact, during the second heat in DSC experiments, only one Tg was measured at 85°C, as observed in literature. As for PC and taking into account the error measurements, the MXD6/MXD6 multilayer film presents globally similar mechanical and thermal properties, compared with the MXD6 monolayer film. With our processing conditions, the monolayer MXD6 film as well as the multilayer MXD6-MXD6 and PC-MXD6 films present semi-crystalline MXD6 layers, with the degrees of crystallinity very low, varying from 3% to 8% (see Table 1 ). These results are in accordance with the XRD data indicating a rather amorphous state of the MXD6 monolayer and of the multilayers. The fact that a very low degree of crystallinity is revealed by DSC and not by XRD is due to the shortcomings by both techniques to calculate the degree of crystallinity. By XRD measurements, results have been obtained in one direction at the film surface for a limited thickness. The presence of crystallites at the film surface tends to deflect the X-ray penetration, which made difficult to determine the crystallinity of the entire film sample. In addition, the presence of crystallites, with small sizes, contributes to broadening the XRD peaks, leading to uncertainties. From DSC results, a slight increase of Tg and a decrease of the degree of crystallinity is obtained for the MXD6/MXD6 multilayer film, compared to the MXD6 monolayer film. This result could be explained by an effect of confinement of MXD6, which can lead to reduce the chain mobility, and evenly to reduce partially the crystallization phenomenon to be occurred. The inherent properties of MXD6, as obtained when processing the monolayer structure, were maintained in the multilayered structure. The formation of layers within the film did not weaken it and the thermo-mechanical properties are practically constant.
Concerning the PC/MXD6 multilayer films, same characteristic temperatures to the monolayer films were measured, except for the MXD6 crystallization temperature, which increases when in contact with the PC within the multilayer films. The increase of Tc reflects a strain-induced crystallization of the MXD6 by the PC layers. At this stage of discussion, it is worth mentioning that the degree of crystallinity, given in Table 1 , originated from semi-crystalline MXD6, the values for both PC/MXD6 multilayer films were calculated by taking into account the weight fraction of MXD6 within the multilayer films. As shown in Table 1 , a slight increase of the degree of crystallinity (8.2% vs 5.5%) was measured for the PC/MXD6-2 film, compared to the PC/MXD6-1 film and the MXD6 monolayer film. This increase could be not negligible as the weight fraction of MXD6 in the PC/ MXD6 multilayer film is rather low (20%). It can be explained by the presence of the continuous layers and by the confinement effect of the MXD6 by the PC, contrary to the MXD6/MXD6 multilayer film, for which the reduction of crystallinity is quite surprising. The thermal and mechanical behaviors are found similar for the two multilayer films, except for the Young's modulus, which is higher for the PC/MXD6-1 multilayer film, due to a higher weight fraction of MXD6 (25 wt% instead of 20 wt%). The MT-DSC curves of the PC/MXD6 multilayer films are reported in Fig. 4b . From the MT-DSC curves, a slight change in slope of the Inphase Cp can be observed at around 85°C that was not observed with classical DSC experiments. An enlarged view is also reported to evidence the change in slope, which shows that the two Tg relative respectively to a fraction of dry amorphous phase and a fraction of water-plasticized amorphous phase coexist also in PC-MXD6 multilayer films as in MXD6 single layer film.
Barrier properties 3.3.1. Transport properties of the PC films
Barrier properties of the films were examined through gas and water permeation measurements. In addition to water as permeant, three gas molecules (N 2 , CO 2 and O 2 ), differing in diameter and critical temperature, were selected to highlight the change in barrier properties of the multilayer films, compared to the non-structured membranes, the reference films.
The permeability coefficients for the PC monolayer film and PC/PC multilayer films are gathered in Table 2 . Similar values between the two films and those of literature [40] [41] [42] [43] [44] are obtained, whatever the gas tested. Moreover, as stated by Van Krevelen [45] , the well-known tendency in the comparison of gas permeability ranking is observed: P CO2 > P O2 > P N2 . This ranking is the result of the double dependence of permeability with diffusivity, which depends mainly on the dynamic diameter of permeants, and with solubility, which depends on the critical temperature of permeants indicative of the ability of a molecule to be condensed in the material. In other words, the more the dynamic diameter is small, the more the diffusion is easier, and as a result the permeability increases. Otherwise, the higher critical temperature of CO 2 (31.15°C), than those of N 2 (−146.94°C) and O 2 (−118.56°C) also explains the greater permeability to carbon dioxide.
Concerning water as permeant, the reduced water permeation fluxes are plotted as a function of the reduced time scale, to overcome the thickness effect, as shown in Fig. 5 , and the permeability coefficients are deduced. Same permeability coefficients were obtained between the PC monolayer and the PC/PC multilayer films, but the diffusivity was found slightly lower for the PC/PC multilayer film ( ), reflecting in the time-scale shift of the permeation flux. From results, it can be stated that no noticeable difference exists between the two films, despite the different techniques, which indicates that the confinement of amorphous chains of PC polymer has no effect on permeation properties towards water and gases.
Transport properties of the MXD6 films
The values of gas permeability coefficients obtained for the single layer MXD6 films are: P CO2 =P O2 =P N2 =0.03 Barrer (Table 3) . These values are strongly higher than those usually given in literature (oxygen permeability 0.003-0.004 Barrer at 0% RH [18, [46] and 0.008 [47] and than those we already measured to CO 2 from another MXD6 (0.001 Barrer) [23] . However, according to literature, it must be considered that the gas permeability of MXD6 is strongly dependent on its structure (crystallinity, orientation) but also on its hydration state. Indeed, it has been reported that the value of the oxygen permeability coefficient can increase of one order of magnitude with the increase of the relative humidity (for example from 0.1 cc.mm/m 2 /day/ atm at 0% RH to 2 cc.mm/m 2 /day/atm at 100% RH, from data of Mitsubishi). From that, our higher values of permeabilities could be explained by the presence of residual water molecules able to plastify the material (as shown by DSC measurements) and so increase its permeability due to the increase of the free volume. The preliminary drying step of MXD6 is probably not sufficient to remove all water molecules and some of them would be trapped because of strong interactions with amide groups and their confinement in the rigid structure of MXD6. We must also keep in mind that MXD6 has also a rapid water sorption capacity, so that additional water molecules can be sorbed in the MXD6 before measurement. This phenomenon of water retention is even more likely that the thickness of our samples is high (260 µm) in comparison with those in literature (20-80 µm) [18, 23, 46] . Thus it would have been necessary to force the drying step by increasing the temperature (higher than 100°C) but with the risk of changing the crystalline phase of the material. If the values of the gas permeability coefficients are higher than that expected, they are still low testifying the high barrier level of MXD6 owing to its high rigid structure and the formation of hydrogen bonding between adjacent chains via amide functions, leading strong cohesion between polymer chains. The semi-crystalline structure of MXD6, even at low level of crystallinity in our case, also contribute to the barrier effect, crystals acting as impermeable obstacles to gases. But this low crystallinity degree can also explain the lower gas barrier properties measured on the single layer MXD6 films.
Surprisingly, compared to the MXD6 monolayer film, a decrease of all gas permeability coefficients was observed for the MXD6/MXD6 multilayer film (Table 3 ) despite a same degree of crystallinity. It seems that the layered structure increase the barrier behavior of the MXD6 polymer.
In the case of water, atypical reduced flux curves were obtained from both the single layer MXD6 films and MXD6/MXD6 multilayer films (Fig. 6 ). These particular water permeation behaviors are due to the well-known phenomenon called water-induced crystallization. To evidence a crystallization phenomenon induced by water occurring during permeation course, as already observed in previous works [23] , two subsequent permeation measurements for the same film were performed to compare water permeation behavior. Before the second measurement within the film, a drying in an oven at 80°C during 24 h . Fig. 5 . Reduced water permeation curves for the PC monolayer and PC/PC multilayer films.
was applied to the tested film, knowing that this temperature is largely lower than that for which the MXD6 crystallization can occur (130°C). Fig. 6 presents the thickness-corrected water fluxes, also called reduced water fluxes, as a function of the reduced time. Two curves per film were reported; the first one corresponds to the first measurement (noted first passage of water) applied to the film and the second one corresponds to the second measurement (noted second passage of water) applied to the same film but having overcame the water-induced crystallization during the first measurement. As shown in Fig. 6 and in agreement with a previous work [23] , the two curves for a film did not exhibit similar profile and the second curve conforms to a typical permeation curve without dependence of time. The first curve highlights the presence of a maximum water flux (noted P max ), from which a decrease as a function of the reduced time is obtained until the stationary flux (noted P stat ), corresponding to the steady state of permeation, is reached. This decrease is explained by the occurrence of the crystallization induced by water, with a gradient of water concentration between both sides of the film due to a non-symmetrical crystallization. The degree of crystallinity measured at the end of the first passage of water was significantly increased for both MXD6 films (increase of 24%), the single layer MXD6 film (from 5.5% to 30%) and the MXD6/MXD6 multilayer film (from 2.9% to 27%). The reduced water fluxes obtained after the second passage of water show that the steady state is obtained at lower values, meaning that the transfer of water is reduced. Again, this finding is the result of the crystallization phenomenon by water. Indeed, an increase in the delay time of diffusion is measured for the curve corresponding to the second passage of water, due to the larger presence of obstacles to diffusion, which is a higher crystallinity, improving tortuosity effects. The permeability coefficients were determined at the steady state of permeation, i.e. at the longest time of measurement. From data gathered in Table 3 , it can be noted that the water permeability of the MXD6/MXD6 multilayer film decreases, compared to the monolayer film, again due to the multilayered structure, as observed for the three tested gases. It seems that the confinement of the MXD6 polymer chains in lower spaces within the multilayer structure have modify the MXD6 structure at point to increase tortuosity, as revealed by the decrease of the water diffusivity (9.8×10 −8 cm 2 s −1 for the monolayer film and 6.0×10 −10 cm 2 s −1 for the multilayer film) related to the time-scale shift of curves. As the MXD6 crystallinity is practically unchanged or slightly reduced between both MXD6 films (30% vs 27%), an orientation of crystals in the confined MXD6 layers is expected to be at the origin of the increase of the diffusion pathways owing to the increase of tortuosity. In addition, considering that polymer chains within the amorphous phase are constrained by confinement effect due to the forced assembly induced by the coextrusion process, the reduction of the chain mobility should lead to decrease the diffusivity of water molecules. Because the degree of crystallinity of the MXD6 film was largely increased after the first water passage (Table 3) due to the waterinduced crystallization phenomenon, the permeability to water after the second measurement was reduced (Table 3) . During the second passage of water, for both films (monolayer and multilayer films), it can be seen now the typical permeation curve, without water induced crystallization, meaning that the transport properties of both films are now stabilized.
Also from water permeation results, it can be noted that barrier effect due to the confinement of MXD6 crystals within the multilayered film is assumed to be equivalent to an increase of~25% of crystallinity, if we compare the permeability coefficients obtained after the second passage of water through the MXD6 monolayer film and after the first passage of water through the MXD6/MXD6 multilayer film. It is interesting to see that due to the confinement of MXD6 in multilayer form, the gas and water barrier properties are strongly increased. However, despite this increase in moisture resistance, the waterinduced crystallization stills occurs in the MXD6/MXD6 multilayer film, leading to similar increase of crystallinity (Table 3) .
Transport properties of the PC/MXD6 multilayer films
Concerning the gas permeation, the values of the permeability coefficients (Table 4) for the two PC/MXD6 films are slightly lower for the first series compared to the second one as it contains more MXD6 (25% vs 20%). However, the gas permeability ranking complies with the works of Van Krevelen [45] since the P CO2 > P O2 > P N2 tendency is still obtained.
To demonstrate the possible effect of the confinement effect of the MDX6 polymer, resulting to the processing of the multilayer structure, on the gas barrier properties, permeability values were calculated using the Maxwell model (Eq. (5)) and the series model (Eq. (6)), taken into account the volume fraction φ and the experimental permeability coefficient P of each polymer, and then confronted with the experimental values. As it can be seen in Table 4 , a significant difference is observed between the experimental and calculated permeability values for the two films. In comparison with the values calculated with Maxwell equation, the experimental values are widely inferiors. Also, the experimental values are found significantly lower to those calculated with the series model equation for N 2 and O 2 gases while for CO 2 gas, no noticeable difference is observed. In fact, for CO 2 gas, the ratio of the permeability coefficients of the PC over the MXD6 is so high (P P PC/ MXD6=230) that the effect due to confined MXD6 layers within the multilayer structure becomes negligible. These permeation results show clearly that the elaborated systems have a structure closer to a multilayer than to a classical binary system.
For water permeation, the PC/MXD6-2 film globally present a lower value of the permeability coefficient compared to that of the PC/ MXD6-1 film, although the mass fraction of MXD6 is lower. This result can be attributed to the fact that irregular, but continuous MXD6 layers were formed within the PC/MXD6-2 film. Moreover, the experimental value is close to the calculated one for the PC/MXD6-2 film, whereas the experimental value is found higher for the PC/MXD6-1 film. This finding can be explained by the slight gap in crystallinity of MXD6 (series 1:5.5% and series 2:8.2%) between the two films.
As above-observed with the MXD6 films, when applying two subsequent passages of water through the tested film, the permeability and diffusivity coefficients were slightly decreased for both PC/MXD6 multilayer films after the second water permeation measurement (Fig. 7) . This result is again related to the water-induced crystallization of MXD6 occurring during the first passage of water, which slows down the water transfer during the second passage by an increase in crystallinity. This increase of crystallinity was confirmed by DSC as the degree of crystallinity was practically two times higher after the first passage of water.
Assuming that only the semi-crystalline structure of the MXD6 can be at the origin of the confinement effect induced by forced assembly during multilayer structure processing, it became interesting to evaluate the improvement of the barrier properties of MXD6 layers by recalculating the permeability of MXD6 within the multilayer film. For this, from the experimental permeability coefficient obtained for the PC film and those for the multilayer films, and also taken into account the volume fractions of PC and MXD6 within the multilayer structures, the permeability coefficient of MXD6 was re-calculated as follows:
The new calculated permeability values were compared with the experimental values (Table 5) to highlight how the confinement in a layered structure can influence the barrier effect and that can be quantified through the Barrier Improvement Factor (BIF factor, expressed in %). This useful metric to normalize and compare permeability results can be determined as the difference between the permeability in the MXD6 monolayer film permeability with the permeability in MXD6 layers within the PC/MXD6 multilayer film divided by the permeability of the MXD6 monolayer film. For N 2 and O 2 gases, both PC/MXD6 films were characterized by a similar BIF around 60%, indicating that barrier performances were largely improved due to the tortuosity induced by the layered structure. For CO 2 gas, the improvement factor is close to 0, meaning that no effect on permeability was obtained. This result can be explained by the high solubility of CO 2 gas resulting to both its low diameter, the lowest value considering the two other gases tested, and its high critical temperature, the highest value considering the two other gas temperatures. In this case, the permeability of CO 2 was not improved by the spatial organization in the layered films. Regarding water as permeant, the BIF for the PC/MXD6-2 film was determined equal to 13%. Again, the BIF factor reflects an enhanced permeability of water, which proves the positive influence of the presence of continuous MXD6 layers on barrier properties compared to a film prepared from a classical polymer blending. In the case of the PC/MXD6-1 film, the BIF was found negative, meaning that the water transfer is not reduced but inversely is increased due certainly to the non-homogeneous structure characterized by non-continuous layers and by stretched nodules that could create diffusion pathways for these plasticizing molecules.
From all permeation data, it results that the confinement of the semi-crystalline MXD6 in multilayer form by using the amorphous glassy PC as confiner layer leads to highly increase gas barrier properties of MXD6. It was also shown that water barrier properties are increased when the multilayer structure is well defined with continuous layer and relatively homogeneous thickness (PC/MXD6-2 film). In that case, the degree of crystallinity was accordingly increased. 
Conclusion
By applying the forced assembly of the layer-multiplying coextrusion process, immiscible polymers can be together combined in unique film stack with ultrathin layers. Ultrathin layer polymer membranes present reduced dimensions, which confine polymer crystallization to sizes assumed to be of the order of magnitude close to individual lamellar crystals. However, in the present work, the difficulty of processing a homogeneous multilayer film with continuous and regular ultrathin layers, composed of semi-crystalline MXD6 polymer, can be partly explained by a poor compatibility between the two polymers MXD6 and PC, or polymer-polymer affinity at the interface between adjoining layers, but also resulted to experimental processing conditions through the temperature applied during the coextrusion process. Therefore, it has been showed that it is possible to create multilayer structure of MXD6 in MXD6 that shows that the co-extrusion multiplying process permits to generate multilayer structure also with miscible polymers. Indeed, to develop a confined environment at a nano-scale for polymer crystallization, it is assumed that the semicrystalline polymer has to be sandwiched between two layers of a rigid amorphous polymer presenting a high melting temperature. However, in our case, the confined environment is provided by the amorphous PC polymer with a processing temperature around 230°C, whereas the melting temperature of MXD6 is around 250°C. This slight difference, in addition to the processing effect and the lack of compatibility, can mainly explain the non-homogenous organization of MXD6 layers within the PC/MXD6 multilayer films.
Independently to form ultrathin layers within a multilayer film, one of the most promising effect mediated by the spatial confinement occurring in two dimensions concerns the possibility to preferentially orientate polymer crystals parallel to the layer. This kind of orientation is a key factor in the field of barrier applications to specifically improve the resistance to diffusive species. But from DSC analyses, it can be deduced that MXD6 was mainly in its amorphous state in monolayer as well as in multilayer films. The geometrical confinement does not lead to a sufficient increase of the crystallization rate permitting to hope crystalline orientation. From permeation data, it clearly appears that the transport properties of the MXD6 are improved in multilayer form, either of pure MXD6 (MXD6/MXD6) or associated with PC (PC/ MXD6), compared to the MXD6 monolayer film. The permeability coefficient is reduced, as that the initial permeability was already low. Unlike gas molecules, the water-induced crystallization of MXD6 within MXD6/MXD6 film is highlighted due to achieving permeation profile with maximum threshold during water permeation measurements. This implies a significant increase in crystallinity and accordingly a reduction in water permeability. This phenomenon is not occurred in the second measurement because of the increased degree of crystallinity which has reached a maximum at the steady state of the first permeation. Regarding the PC/MXD6 films, this phenomenon is prevented due to the protective role of the outer PC layers, irrespective of the layer continuity within the multilayer films. Again, low permeability coefficients are measured, despite the large fraction of the amorphous PC polymer. The mobility of polymer chains is reduced in amorphous constrained zones. The barrier improvement of the MXD6 layers was evaluated by applying the well-known series model used to re-calculate the MXD6 permeability from the experimental data. Through the BIF factor, irrespective of permeants, the films' performances are pointed out. The correlation between the permeation properties and the morphology provides evidence that the 2-D confinement induced by the multilayer process, and as a result the improvement of barrier performances. The coextrusion process with the possibility to multiply ultrathin layers is an innovative system to create a direct polymer assembly presenting new morphology with hundreds until thousands of alternating layers of polymers and can exhibit properties multiplied many-fold by the layer number in the assembly.
